Vortices, tunneling and deconfinement in bilayer quantum Hall excitonic superfluid 



in 
o 
o 



Ziqiang Wang 

Department of Physics, Boston College, Chestnut Hill, MA 024 67 
(Dated: February 2, 2008) 

The physics of vortices, instantons and deconfinement is studied for layered superfiuids in connec- 
tion to bilayer quantum Hall systems at filling fraction v — 1. We develop an effective gauge theory 
taking into account both vortices and instantons induced by interlayer tunneling. The renormaliza- 
tion group flow of the gauge charge and the instanton fugacity shows that the coupling of the gauge 
field to vortex matter produces a continuous transition between the confining phase of free instan- 
tons and condensed vortices and a deconfined gapless superfluid where magnetic charges are bound 
into dipoles. The interlayer tunneling conductance and the layer imbalance induced inhomogeneous 
exciton condensate are discussed in connection to experiments. 
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When the total number of electrons in a double-layer 
electron system equals the degeneracy of the lowest spin- 
resolved Landau level, a stable phase of matter emerges 
in which an electron in one layer binds a hole in the 
other to form an interlayer phase coherent exciton con- 
densate 0, 0] . Such a state is expected to display trans- 
port properties similar to a neutral superfluid (SF) in 
the layer antisymmetric channel 0, . Recent experi- 
ments, tunneling 0, Coulomb drag 0, and counterflow 
[1| , have evidenced the development of such an excitonic 
SF at small layer separations. Yet the same experiments 
observed properties that are unconventional of a two- 
dimensional SF. The usual vortex-unbinding Kosterlitz- 
Thouless (KT) transition has not been seen; the zero-bias 
tunneling peak, i5-function like in a Josephson analogy, 
is large but finite; and the counterflow resistance, zero 
in the case of a SF, is small but nonzero at very low 
temperatures. These findings suggest that the SF re- 
sponse is limited by the dissipation of quantum vortices 
induced by disorder. Indeed, numerical 

diagonalizations find that moderate disorder generates a 
gauge-glass phase where the SF stiffness is nonzero only 
at zero-temperature jl2| . 

In addition to vortices, another important issue is 
whether the spontaneous interlayer coherence is stable 
against interlayer tunneling, i.e. an exchange-enhanced 
[13] symmetric- antisymmetric band splitting AgAS- The 
tunneling events create space-time singularities, i.e. in- 
stantons, in the counterflow current 4]. In analogy to 
compact quantum electrodynamics in (2-1-1) dimensions 
(QED3), where the U(l) gauge fleld is always conflning 
and massive due to instantons |l4j , one may conclude in- 
tuitively that the gapless SF mode, and thus the exciton 
condensate is destroyed by tunneling. 

The above analogy to a pure gauge theory is oversim- 
plified because of the coupling to vortex matter. In this 
paper, we investigate the interplay between the vortices 
and instantons and the emergence of a deconfined exci- 
ton condensate. The subject of (de)confinement when 
matter fields are present is also central to the gauge the- 



ory formulation of spin liquids and underdoped high-Tc 
cuprates 0, 0| . Using the strong-coupling duality ap- 
proach, we describe the neutral SF in terms of vortices 
coupled to a gauge field. Instantons induced by tunneling 
are magnetic monopoles/antimonopoles with an interac- 
tion mediated by the gauge field. Taking into account 
the contributions from both instantons and vortices with 
Ohmic dissipation, we obtain the renormalization group 
(RG) flow of the gauge charge and the instanton fugacity. 
We find a fixed point in the RG flow at a critical vortex 
conductivity cr^. For cr„ < cr^, the instantons are in a 
plasma phase capable of screening; the gapless mode is 
destroyed and the gauge fleld is conflning. This is a = 1 
integer quantum Hall state driven by an arbitrarily small 
interlayer tunneling. The deconflned exciton condensate 
emerges for > cr!^, where the instanton fugacity flows 
to zero and the monopoles/antimonopoles bind into mag- 
netic dipoles in a dielectric phase. We present a pertur- 
bative calculation of the tunneling current under vortex 
dissipation. The layer-imbalance is shown to lead to an 
inhomogeneous SF with spatial density modulations. 
We begin with the action for the neutral SF mode. 
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where r — {x,y]T), 9^ — {dx,dy;dr), and 9 is the 
phase of the excitonic order parameter with stiffness ps- 
For convenience, we set the superfluid velocity Vs to 
unity. The current-density in the isotropic space-time 
is = psdf,e. Eq.ldl) is the (2-fl)D XY-model in the 
continuum limit. To account for the periodicity of 9, we 
go to the vortex picture by a duality transformation |l7| . 
Introducing a Hubbard-Stratonovich (HS) field J^, 
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Jl+iJ^.[df,9o{v) + d^9,{v)] 
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Here we have decomposed 9 into the sum of a single- 
valued 9q and a multivalued vortex part 9^. The vortex 
3-current is j""^ — {l/2TT)ef^^\d„d\9v Integrating over 6*0 
enforces the conservation of the boson 3-current, 9;^ = 
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0, i.e. charge continuity in the absence of tunnehng. The 
latter can be implemented explicitly by writing = 
{l/2Tr)ef^^\d^a\, where is a noncompact U(l) gauge 
field. The dual action of the SF follows, 



with f^^ = 



(3) 



This is the Maxwell action of a 



gauge field minimally coupled to the vortex matter carry- 
ing unit gauge charge Cg = \/27r^p7- The vortex current 
is conserved, i.e. S^j^ = 0, in the absence of tunneling. 
Vortices have closed-loop world lines. The gapless gauge 
field mediates a logarithmic vorticity interaction. Conse- 
quently, there is a KT transition due to the proliferation 
of the vortices. In quantum Hall bilayers, vortices are 
merons c arry ing half of an electric charge in addition to 
vorticity [ig. The lowest energy charge excitations are 
meron pairs of like charge and opposite vorticity. 

As electrons tunnel, meron pairs are excited and the 
counterflow current is no longer conserved. The con- 
tinuity equation becomes 9^ = ±2S{x)5{y)6{T) follow- 
ing a tunneling event at r = 0. Such sources and drains of 
charge imphes / (Prd^J^j, = ^ J d^re^^xduax = ±2, i.e. 
the emergence of magnetic monopoles/antimonopoles in 
the space-time configuration of 01 • Thus, although 

starts off as a noncompact gauge field, tunneling in- 
troduces singularities, i.e. instantons, that arise sponta- 
neously in a compact U(l) gauge theory. Writing = 

-l-ajf^', where is the smooth part of the gauge field, 
we have the magnetic Gauss's law e^i^xOf^di^a™^*" = AnpM, 
where pM = X]a'?a'^('" ~ ^<i) instanton/monopole 
density and qa — are the magnetic charges. The 
magnetic charges experience the 1 /r-interaction from the 
Maxwell term in Eq. ^ and have the action 0, , 
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where TOc is the action cost for nucleating an isolated 
monopole core. The magnetic charge e™ — l/2eg is iden- 
tified from the first term. Decouple the monopole inter- 
actions via a HS field 0, and sum over the trajectories of 
monopoles, the instanton partition function is obtained 
[l^ and the total path integral of the bilayer is 

z = y"p[a,J^0]e-/''''■('^-^'''^■"^+'^"'='^^^^ (5) 
1 
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The instanton part, Eq.©, is the sine-Gordon action 
with z — e^™= the instanton fugacity. Since it rep- 
resents the probability of finding a monopole per unit 
space-time volume, z is directly related to the tunneling 



rate, z ~ NqAsas where Nq = l/27r£^ is the electron 
density. Eas. (|5l7() describe the system of gauge field and 
instantons coupled to vortex matter. Without the matter 
fields, Polyakov showed that instantons drive the com- 
pact QED3 to the confined phase where the pure gauge 
field acquires a mass This amounts to a relevant 

fugacity z in the (2-|-l)D sine-Gordon model that grows 
under RG transformations, causing the proliferation of 
instantons. The monopoles are in a plasma phase capa- 
ble of screening and the gauge charges are confined. 

The question is what happens when vortices are 
present. Due to instantons, the vortices are no longer 
conserved since they are created and annihilated at the 
monopoles. The vortex configuration thus contains both 
closed loops and open segments (strings) connecting a 
monopole and an antimonopole [l9|. For a nonzero fu- 
gacity z, there is a nonzero string tension Tg ^ ^fzpl- 
The vortices are linearly confined and large vortex loops 
are interrupted by instantons. This is the confinement 
phase where monopoles are free and the vortex string 
condensation destroys the SF coherence. The existence 
of a gapless exciton condensate is thus tied to the de- 
confinement of the gauge field, which is only possible if 
the instanton fugacity vanishes. When z = 0, it costs 
an infinite amount of energy to create a free monopole. 
The monopoles and antimonopoles are thus bound into 
magnetic dipoles and magnetic charges are confined in 
an insulating dielectric phase. Since the string tension 
Tg goes to zero in this case, the vortex segments disap- 
pear. The low energy physics is then governed by that of 
a SF with finite vortex loops. 

We next show that the coupling to dissipative vortex 
matter indeed stabilizes a deconfined phase and material- 
izes a quantum deconfinement transition. At the classical 
level, a related issue of an Xy-model in a symmetry- 
breaking field was recently revisited and the deconfine- 
ment of thermally excited vortices was found It 
is important to emphasize what we have at hand is a 
system of vortices coupled to both the smooth and the 
singular part of the gauge field. As a consequence, the 
electric and magnetic charges are determined by the same 
Ps in Eqs.jnj and Q. The RG flow equation for ps has 
therefore two contributions; one from instantons in the 
sine-Gordon action Eq.((7|), which is quite standard, and 
the other from the vortex-gauge field coupling in the 
instanton-free sector. In the presence of disorder, vor- 
tices move along the direction of the Magnus and Lorcntz 
forces, as well as drift in the direction of the superflow 
current. This degrades the temporal order of the SF and 
introduces dissipation in the transport channels under 
both parallel and counterflow geometry. 

To study the effects of dissipation due to mobile vor- 
tices in the instanton-free sector, we examine the self- 
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energy corrections to the gauge field to quadratic order, 
A52 = i^n^^(q,t^)ap(q,w)a^(-q, -w), (8) 

where H^n, = (j^j^) is the vortex current-current correla- 
tion function. Since the vortices are mobile at extremely 
low temperatures, II^i^ must have a form consistent with 
quantum dissipation. Note that one cannot formally "in- 
tegrate out" the quantum dissipative vortices because 
they correspond to gapless low energy degrees of freedom. 
Instead, Eq. (|SJ) should be understood in the sense of the 
RG, i.e. at appropriate momentum and frequency scales. 
Moreover, the RG procedure must be carried out simul- 
taneously in the instanton sector because there is not an 
adiabatic limit justifying a separation of energy scales. 
The gauge symmetry implies that the gauge fields in AS2 
must appear in the form of /^^^ in the long-wavelength 
and low-energy limit, leading to a renormalization of ps 
or the gauge charge. The absence of nonlinearity in the 
tunneling and counterfiow transport |^ 0| suggests that 
the vortices are described by Ohmic dissipation. This is 
in fact consistent with the current-current correlation of 
the XF- model above the KT transition We thus 

take Ilpy to be of the diffusive form and denote the vor- 
tex conductivity by (T„ in unit of e'^/h with e„ the vortex 
charge. We have, in the Coulomb gauge V • a = 0, 



\uj\ay 
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where the index i = {x,y). The singular self-energy 
corrections in the long-wavelength and low-energy limit 
indicate that the gauge field acquires an anomalous di- 
mension. Introducing the dimensionless coupling ps = 
b^^ZaPs, where b is an isotropic 3-momentum scale and 
Za is the renormalization constant of the gauge field, 
Eq.@ leads to Za = I—Air^rib'^cryps. Here, 77 is a dimen- 
sionless constant relating q — b/rj. It is now straightfor- 
ward to obtain the RG flow f3p — dps/d£ with ^ = — In b. 
Combined with the standard RG contributions from the 
sine-Gordon action in Eq.© under the same cutoff pro- 
cedure, we arrive at the complete flow equations that 
account for both instantons and vortices, 



dp, 

de 

dz 
di 



^ = 3 
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where z is the dimensionless fugacity and the term 
comes from screening by monopole-antimonopole pairs. 

The RG fiow in the ps-z plane determines the possi- 
ble phases of the system. Without mobile vortices, i.e. 
for ay = 0, both z and ps fiow to large values. The 
monopoles stay in the single plasma phase and the gauge 



field is confining. In the presence of vortex dissipation, 
however, a deconfined phase emerges for sufficiently large 
CT„. Indeed, the flow equations ((117)) and l(TT)) support 
a nontrivial fixed point at /5* = ^^2, „ a-nd z* = 0, 
provided that > = i/rj. In this case, the scal- 
ing dimension of z becomes larger than the space-time 
dimension, forcing a finite fugacity (tunneling rate) to 
fiow to zero while the phase stiffness to a finite value. 
This fixed point is infrared stable and represents a de- 
confined phase where the monopoles and antimonopoles 
are bound into dielectric dipoles. The critical value 
marks a confinement-deconfinement transition. These 
are our main results. The deconfinement transition is 
from the single-particle quantum Hall fluid driven by in- 
terlayer tunneling to the spontaneous phase coherent ex- 
citon condensate. A direct transition from the latter to 
the incoherent compressible state is also possible since it 
has been shown that a dissipative normal fluid can sup- 
press the interlayer tunneling at low temperatures j23 | . 

We next discuss the interlayer tunneling conductance 
in the presence of vortex dissipation. The perturbative 
calculation of the tunneling current density J{t) = 
{e/fL)z{s\n{9 — u)t)) is valid in the deconfined phase where 
the instanton fugacity z is irrelevant in the RG. Under a 
bias voltage V , the current density is given by 0, 

{vst - R) 



J{V) = Co 



rdtfd^RsH^t)^ 

Jo J ri Jv 



-VF(R,t) 



(12) 

where Co ~ evgz"^ /iirhps. The Debye- Waller factor 
g-M'(R.t) ^ ^gi9(R,t)g-ie(o,o)^ ^ i^^zj d'>r3,,d^,e^^ where 

j^(x,r;R,t) = Sfj,fi[S{y:)e{T)-S{x-R)e{T-t)] is the cur- 
rent along the path connecting the tunneling/instanton 
events at (0,0) and (R, t). The quantum average is with 
respect to the dual action in Eq. In the presence 

of jp, the saddle-point (SP) can be solved by writing 
= Sa^^ + a^, dfj^ = df^O. The SP equation is 9rPi; -I- V • 
jv ~ dfj.jfi = Pm, which connects the divergence of the 
vortex current to the instanton density pM = S{x)6(t) — 
(5(x — R)(5(r — t). From vortex diffusion, we have jy = 
D{W — 'Jhz X V)p„ where D is the diffusion constant and 
•jH is the Hall angle which does not affect charge spread- 
ing in the bulk. Thus, the tunneling induced vortex 
density is p„(q, a;„; R, t) = r(q, cj„; R, i)/(i:»g2 + \ujn\), 



where F = 1 



„i(qR- 



>. Separating j;; = Sj"^ + j'"^ 
with jj^ — PvS fj,,o, the Debye- Waller factor becomes 
g-w(R,t) ^ J d'rpAr;R,t)Saoir)^ evaluated with the La- 
grangian density C = (l/2eg)(9^(5ao)^ -I- iSpySao in the 
Coulomb gauge. Thus W depends on the interaction me- 
diated by the longitudinal gauge field 6ao, 



iy(R,i) = ^^Kort(q,C^n) 



|F(q,c^„;R, 

(Z?g2 + |^„|)2 



(13) 



where Kort = (gV^g) + (Tyq^ /h(Dq^ + |a;„|) is the 
screened vortex interaction. In the perturbative regime, 
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t <^ tp = pajzvl, screening due to the slow diffusive 
motion of the vortices can be ignored for weak dissipation 
(smah vortex conductivity), since t <C ii, = fije^^a^ is al- 
ways satisfied. Indeed, t^jtp = TiiOj/2'n'^PsUv ^ 1 can be 
verified exphcitly using the estimates 13j ^^^J ~ 10^'^/s, 
Ps ^ 0.1 K, and cti, ~ 3 x 10~^ from the counterflow re- 
sistivity 0. We find, in this regime, W^(R, i) = ^ + 
where = Sh/irps is the coherence time for recombina- 
tion of the vortex-antivortex pair and = ttDt^/A is 
the coherence length. Performing the integral in Eq. (|12|l . 
we obtain the tunneling conductance 



dJ{V) 
dV 



= e Jn 



(14) 



where Jq = ez^^'^/Tips- The vortex dissipation destroys 
the quasi-long-range temporal order of the SF phase and 
removes the Josephson singularity. The tunneling con- 
ductance shows a Lorentzian peak around zero bias with 
a half- width h/Tip = irps/S ~ 3 peY. This value is ex- 
pected to be renormalized downward by quantum fluc- 
tuation corrections to the phase stiffness in the Hartree- 
Fock theory 0, These results are consistent with 

the tunneling experiments 0. The full behavior of the 
tunneling current will be discussed elsewhere. 

To summarize, instantons and deconfinement are im- 
portant for understanding layered superfluids in the pres- 
ence of interlayer tunneling. For quantum Hall bilayers, 
the interlayer coherent exciton condensate is realized in 
the deconfined phase stabilized by mobile vortices with 
Ohmic dissipation. The transition between the gapless 
exciton condensate and the single-particle quantum Hall 
state is described by the deconfinement transition. We 
conclude with a discussion on imbalanced bilayers cre- 
ated by an applied bias voltage (p) coupled to the dif- 
ference of the carrier density. Retracing the steps lead- 
ing to the dual action shows that the effect of imbalance 
is to add a term — ^(V x a) to Eqs.lO and ©. The 
net gauge fiux V x a represents the finite boson density- 
imbalance and the chemical potential p acts as an ap- 
plied magnetic field. Increasing layer-imbalance induces 
more vortices and enhances dissipation (an increase in 
Pxx)- In analogy to type II superconductors, at a crit- 
ical value pc vortices will condense. In the absence of 
tunneling/instantons, the gauge flux forms an Abrikosov 
lattice. This state is a Wigner crystal of bosons and the 
transition would be in the universality class of a field- 
tuned superconductor-insulator transition ji^. Indeed, 
Hartree-Fock theory predicts an incipient charge density 
wave order triggered by the softening of the magneto- 
roton minimum |l3l |. This conventional picture, how- 
ever, breaks down due to instantons induced by inter- 
layer tunneling. The reason being, once vortices con- 
dense, the gauge field in Eq.® acquires a mass due 
to the Anderson-Higgs mechanism. The instanton fugac- 
ity z in Eq.jTI) becomes relevant. Thus, vortex conden- 



sation implies = and a gain of the Josephson energy 
Ej = —z{cos(j)). In a fiux lattice, the phase (p winds 
around each vortex by 2tt and cannot gain the Josephson 
energy. The Wigner crystal of bosons is thus unstable 
due to instantons. The competition between flux lattice 
and vortex condensation leads naturally to an inhomoge- 
neous state as a compromise. The system breaks up into 
puddles of vortex condensate where Ej ^ separated by 
regions of uncondensed vortices where Ej = 0. The exis- 
tence of such an inhomogeneous excitonic condensate is 
consistent with the observation that the interla.yer coher- 
ence is robust against layer imbalance HE US • With 
increasing imbalance, macroscopic phase coherence even- 
tually establishes across the puddles via vortex tunnel- 
ing and a transition into an inhomogeneous, compressible 
normal state takes place. This corresponds to the layer- 
imbalance driven transition observed experimentally |26| . 
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